Initially submitted June 24, 2011 ; accepted for publication October 27, 2011.
It has been suggested that prenatal exposure to insecticides adversely affects fetal growth, but the overall results have been inconsistent, partly because of the different exposure sources and exposure assessments used. In the French PELAGIE (Perturbateurs Endocriniens: É tude Longitudinale sur les Anomalies de la Grossesse, l'Infertilité et l'Enfance) mother and child cohort (2002) (2003) (2004) (2005) (2006) , the authors investigated the association between fetal growth and insecticide exposure (n ¼ 1,213) using an integrated Bayesian latent variable model to include multiple exposure sources: agricultural activities, nonorganic diet, household insecticide use on plants, and household insecticide use against insects. They used a questionnaire to collect information on household use and organic diet, and a national agricultural census provided data on agricultural activities in the women's municipalities of residence. A 0.10-cm decrease in head circumference at birth (95% credibility interval: À0.22, 0.01) was associated with fetal insecticide exposure from agricultural activities in the municipality of residence. Decreases in average birth weight (À27 g; 95% credibility interval: À59, 6) and head circumference (À0.12 cm; 95% credibility interval: À0.26, 0.01) were associated with household insecticide use to treat plants. The present results suggest an inverse association between fetal growth and prenatal insecticide exposure from nearby agricultural activity or household use. Bayesian modeling via latent variables is a natural framework for including multiple sources of exposure to environmental pollutants. agricultural activities; Bayesian modeling; birth weight; diet; household use; insecticide exposure; multiple sources; head circumference Abbreviation: PP, posterior probability.
Pesticides are widely used in agriculture, but they are also used at home, by municipalities, and in human medicine (1) . Among pesticides, insecticides are of particular concern because of their potential neurotoxicity (2) (3) (4) . Various pathways of insecticide exposure in the general population have been suggested, including contamination of food (5, 6) , household use (7) , and residential proximity to agricultural fields (8) (9) (10) . Epidemiologic studies have examined the association between insecticide exposure in pregnant women and fetal growth, but the results have been inconsistent. Investigators have assessed household use of insecticides via indoor personal air measures or self-reported questionnaires (11, 12) and exposure from agricultural activity via the proximity of the mother's residence to agricultural crops (13) (14) (15) (16) (17) . A few studies have measured specific insecticides, mainly organophosphates or their metabolites, in urine or maternal and cord blood (11, 12, (18) (19) (20) (21) (22) (Web Table 1 , available at http://aje.oxfordjournals. org/), and some have suggested that there are negative associations between biomarker levels and fetal growth. Nevertheless, results have been inconsistent, which can perhaps be explained by the within-subject variability of nonpersistent insecticides in biologic matrices and the difficulty of identifying the sources of exposure. To our knowledge, no study has assessed insecticide exposure by considering multiple sources of exposure in an integrated model. The Bayesian hierarchical framework makes it possible to include different sources of exposure in the same model based on a set of conditional dependencies. Our approach uses less expensive methods of data collection than do biomonitoring studies and has the advantage of identifying the relative contributions of each exposure source in the associations with outcomes.
MATERIALS AND METHODS

Population and study design
The PELAGIE (Perturbateurs Endocriniens: É tude Longitudinale sur les Anomalies de la Grossesse, l'Infertilité et l'Enfance) cohort is a mother-child cohort designed to study the role of environmental pollutants in fetal and child development. This study has been previously described in detail (14, 23, 24) . Briefly, from April 2002 through February 2006, participating gynecologists and ultrasonographers in 3 districts (Ille-et-Vilaine, Côtes d'Armor, and Finistère) in the Brittany region of France recruited 3,421 women during a routine prenatal visit before they had completed their 19th week of gestation. At the time of study inclusion, women completed a questionnaire that included questions about family and individual social and demographic characteristics and lifestyle. We then followed the women through delivery and obtained information about the pregnancy, delivery, and newborn's health. Twenty-one women were lost to follow-up and 3,323 gave birth to a live singleton child. We sent questionnaires to 2,996 women when the child reached 2 years of age, excluding 320 women whose children were already older than 2.5 years of age, 6 whose children had died, and 1 who had died. Half the women returned the questionnaire (n ¼ 1,505), and half of the nonresponses (26%) were due to our having incorrect addresses for them (because the participants supplied incomplete or incorrect addresses or moved). The 2-year questionnaire asked for information on organic diet and pesticide use at home in early pregnancy. All participants provided written informed consent, and the appropriate ethics committees approved the study.
Insecticide exposure
Nonorganic diet. Women were asked how frequently they consumed various food groups. Fruit, vegetables, and cereals were selected to represent insecticide exposure from a nonorganic diet because a survey conducted in France in 2006 indicated that pesticides were detected mainly in fruit and vegetable samples (44%; mainly insecticides and fungicides) and in cereal samples (37%; mainly insecticides) (25) . For each of the selected food groups, a combined index of nonorganic dietary consumption was defined and classified as low, medium, or high based on the combination of frequency of consumption (less than once per week, once per week, 2-6 times/week, or daily) and frequency of organic origin (never, sometimes, or always).
Household uses. The 2-year questionnaire also included questions about the various types of insecticide use at home: on indoor plants, on lawns and paths, on outdoor plants, against flying insects, against crawling insects, against fleas and ticks, and as treatment for wood house framing.
Dichotomous variables were defined according to insecticide use at home in early pregnancy.
Agricultural activities. Data on agricultural activities in the 3 study districts were collected from the national general census in 2000, as analyzed by the Ministry of Agriculture. These data were provided by farmers on a municipal scale. The census provided the percentage of the area of the municipality that was used for agricultural activities listed by crop. These data were matched with the mothers' municipalities of residence in early pregnancy. Colza, peas, and vegetables were selected to represent insecticide exposure from agricultural activities because of the frequency with which they were treated with insecticides during the study period (26, 27) . Because a small percentage of each municipality area was used for these crops, we defined dichotomous variables based on whether the crop was grown in the municipality at all.
Fetal growth indicators
Fetal growth indicators, including birth weight and head circumference at birth, were obtained from hospital records. Gestational age was assessed by the midwives or obstetricians at delivery and took into account both the date of the last menstrual period and the results of the ultrasound examinations. Discrepancies were resolved using clinical judgment.
Statistical analyses
We focused on women who answered the 2-year questionnaire. We excluded 57 women who lived outside the 3 Breton districts of interest, 2 who had no identified municipality of residence, and 216 for whom either all nonorganic dietary consumption data or all household insecticide use data were missing. Because we were studying environmental exposure to insecticides, we also excluded 13 women who were occupationally exposed (farmers, agricultural workers, florists, or veterinarians). Finally, we excluded women for whom we lacked information about adjustment factors. The final sample thus included 1,213 women living in 397 municipalities.
We tested the association between insecticide exposure during early pregnancy and fetal growth using a Bayesian model that took into account various sources of insecticide exposure via latent variables, that is, unobservable variables intended to represent insecticide exposure through a linear combination of observed variables. They may be thought of as a score of insecticide exposure from specific sources.
Model specification
The model included 4 latent variables to describe exposure from nonorganic diet, household use of insecticides on plants, household use against insects, and agricultural activities in the municipality of residence. We used latent variables to synthesize measures of exposure into interpretable factors. For each source of exposure, the number of latent variables was chosen as a compromise between their interpretability and the identifiability issues that are commonly encountered in factor analysis. We therefore defined 2 latent variables of household use exposure to synthesize the 3 uses of insecticides on plants (treatments on indoor plants, paths and lawns, and outdoor plants) and the 4 uses against insects (control of flying insects, crawling insects, and fleas and ticks and for frame treatment). Figure 1 is a graphic representation of the model. The observed variables are enclosed in rectangles and the latent variables in ovals. Arrows indicate the existence of a conditional relation between the nodes.
Nonorganic diet latent variable. The level of nonorganic consumption of food f ¼ 1, 2, 3 (for fruit, vegetables, and cereals) for woman k follows a multinomial distribution:
where p X k, f is a vector of probabilities for the 3 categories of nonorganic diet (low, medium, and high).
For the mth category, we specified the following relation between the probability p X k,f,m and the latent variable FF k , which summarizes insecticide exposure from diet:
and
where parameters a and b (factor loading) are defined as 
We specified a logistic model on the probability p V k,h as a function of the latent variable FHP k , which summarizes exposure to insecticides used on plants:
where parameters a and b (factor loading) are defined as
As above, we modeled l a FHP , l b FHP , r as standard minimally informative normal or inverse gamma distributions.
A similar model was specified for the 4 household uses against insects, in which FHI k synthesized the insecticide exposure for treatment of flying insects, crawling insects, fleas and ticks, and wooden framing.
Agricultural activity latent variable. The presence of crop c ¼ 1, 2, 3 (for vegetables, colza, and peas) in the municipality of residence i follows a Bernoulli distribution:
We specified a logistic model on the probability p W i;c as a function of the latent variable FC i , which synthesizes insecticide exposure from agricultural use:
where parameters a and b (factor loading) are defined as Link between latent variables and fetal growth outcome. A multivariate linear regression model was performed to test for associations between multiple sources of insecticide exposure and fetal growth. For the kth woman, the child's weight or head circumference at birth followed a normal distribution:
where the mean is a linear combination of the latent variables and the A individual level covariates Z k,a :
c 0 is the global intercept and represents the baseline value of the birth weight or head circumference. The parameters c FF , c FHP , c FHI , and c FC represent the potential effects of the multiple sources of insecticide exposure after accounting for individual-level confounders Z. The model assumes an additive effect of the different sources of exposure on fetal growth. The following covariates were considered in the model: maternal age, prepregnancy body mass index (measured as weight in kilograms divided by height in meters squared), height, and parity, child's sex, gestational age, and gestational age squared. We assumed a minimally informative normal distribution on the c parameters.
Identifiability constraints. In factor analysis models, identifiability constraints must be imposed on the parameters to guarantee a unique solution (28, 29) . Thus, the latent variables (FF, FHP, FHI, and FC) were assumed to be independent and to have a standard normal distribution (N(0, 1) ). One factor loading for each latent variable was fixed at 1. It was the loading corresponding to vegetable crops for the agricultural activities (b FC 1 ¼ 1), the one corresponding to fruit for nonorganic diet (b FF 1;m ¼ 1 for m ¼ 1; 2; 3), the one corresponding to indoor plants for household insecticide use on plants (b FHP 1 ¼ 1), and the one corresponding to flying insects for household use against insects (b FHI 1 ¼ 1). In the framework of multinomial distributions, additional constraints were set for factor loadings of nonorganic diet categorical variables defined with more than 2 categories. The loadings corresponding to the low modality of each food were set at 0 (30).
Implementation. The Bayesian model described above was run for birth weight and head circumference at birth using the Markov chain Monte Carlo method implemented in WinBUGS (MRC Biostatistics Unit, Cambridge, UK). We ran 60,000 iterations, including a burn-in of 10,000 iterations. To reduce autocorrelations in the posterior samples, we retained 1 of every 5 iterations. Thus, 10,000 iterations were used to draw the posterior distribution on which the statistical inference was based. For each parameter in the regression equation linking the latent variables to the birth outcome, we estimated the posterior mean and the 95% credibility intervals.
Sensitivity analysis. Sensitivity analyses were performed with adjustment for additional factors, including the district of residence at inclusion, maternal educational level, maternal smoking status at inclusion, high blood pressure during pregnancy, cesarean delivery (head circumference only), and paternal occupational pesticide exposure, which was used to assess potential exposure in women whose husbands worked as farmers, agricultural workers, or gardeners. To avoid potential confounding bias specific to urban living, we performed additional separate analyses of women who lived in rural municipalities, defined as those with fewer than 20,000 inhabitants. We performed additional analyses that included the 216 women for whom we were missing data on all nonorganic dietary consumption variables or all household insecticide use variables, predicting these missing values by using the distribution specified in the Bayesian model of the observed exposure variables. Sensitivity to prior specification was investigated by changing the parameters for the distribution of the variances (Inv-Gamma(1, 0.001), Inv-Gamma(0.5, 0.005)). Table 1 and Web Table 2 describe the population's social and demographic characteristics. Most of the women were recruited in the Ille-et-Vilaine district (58%). The mean gestational age at inclusion was 9.6 weeks (range, 1.0-17.0 weeks), the mean maternal age was 30 years (range, 17-43 years), and the mean prepregnancy body mass index was 22.5 (range, 16.1-62.4). Educational levels were high: 69% of women reported at least completing high school. Of the women in the study, 11% smoked during pregnancy, 85% did not drink alcohol in early pregnancy, and 43% were nulliparous. The mean birth weight was 3,420 g (range, 1,050-4,875 g), the mean head circumference was 34.7 cm (range, 25.0-47.0 cm), and the mean gestational age was 39.5 weeks (range, 26.0-42.0 weeks). Only 3% of the births were preterm.
RESULTS
A total of 6.9% of the women reported having an organic diet high in fruit, 9.2% reported having an organic diet high in vegetables, and 6.6% reported having an organic diet high in cereals ( Table 2 ). Most of the women (83%-95%) did not use insecticides on plants at home in early pregnancy; 63% used products against flying insects, 26% used products against crawling insects, 30% used products against fleas and ticks, and very few (5%) had treated their house framing. In early pregnancy, most of the women lived in municipalities where vegetable, colza, and pea crops were grown (69%, 87%, and 63%, respectively). Table 3 summarizes the posterior estimates of factor loadings, linking each observed exposure variable to its corresponding latent variable for the birth weight model. For the nonorganic diet latent variable, higher levels of nonorganic consumption of a given food had more influence on the construction of the corresponding latent variable than did lower levels. Moreover, the variable representing a nonorganic vegetable diet had a greater influence than did variables representing diets high in nonorganic cereal or fruit. The latent variable for household insecticide use on plants was influenced more by the variables on insecticide use for outdoor plants and for paths and lawns than was the variable for insecticide use on indoor plants. The 4 variables on household uses of insecticides similarly contributed to the construction of the latent variable representing exposure related to household use against insects. Pea and colza crops contributed more than did vegetable crops to the latent factor for agricultural activity. Similar factor loadings were obtained with the head circumference model. Overall, we saw a coherent and interpretable characterization of exposure through these factor loadings. Table 4 describes the associations between the latent variables for insecticide exposure and fetal growth. No association was seen between insecticide exposure and birth weight in the unadjusted model. In the adjusted model, women with greater exposure to insecticides from household use on plants had infants with lower birth weights (regression coefficient ¼ À27 g, 95% credibility interval: À59, 6) compared with women with lower exposure levels. The tail posterior probability (PP) was 0.94, indicating that 94% of the distribution for the relative risk was negative and providing strong evidence of an inverse association between household insecticide use on plants and birth weight (Web Figures 1 and  2 ). Both the unadjusted and adjusted models showed strong evidence of a smaller head circumference at birth for children born to women with higher levels of insecticide exposure from agricultural activities in their municipality of residence during early pregnancy (regression coefficient ¼ À0.10 cm, 95% credibility interval: À0.22, 0.01; PP ¼ 0.96) and for children born to women with high exposures to household insecticide use on plants (regression coefficient ¼ À0.12 cm, 95% credibility interval: À0.26, 0.01, PP ¼ 0.96). Gestational age was the adjustment factor that most strongly affected the estimate coefficients. The results were not modified in the sensitivity analyses that were adjusted for additional potential confounders. Similar results were obtained for the women who lived in rural municipalities early in their pregnancies. Results were also not changed when we imputed all missing values for nonorganic diet and household insecticide use or when we changed the parameters of the prior inverse gamma distribution for all variances at the same time (Web Table 3 ).
DISCUSSION
We applied a Bayesian model to account for the multiplicity of exposure sources and to investigate the impact of environmental insecticide exposure during pregnancy on fetal growth in Brittany from 2002 to 2006. The present study suggests that increased maternal exposure from nearby agricultural activities is associated with a smaller head circumference in children at birth. Cultivation of peas and colza contributed most to the latent variable representing exposure from agricultural activities. Higher insecticide exposure due to household use of products on plants, especially outdoor plants and paths and lawns, appeared to be related to lower birth weight and head circumference. These results did not change when we limited the analysis to women who lived in rural municipalities.
One of the limitations of our study is the ecologic scale of the assessment of residential proximity to crops, which does not consider each woman's exact address relative to crops. Using the map of the agricultural parcel register available since 2004, we determined the area of vegetable crops within a 1-km zone around some women's homes (n ¼ 152). We observed a positive correlation between the presence of vegetable crops in the municipality of residence and the presence of the same crops in the 1-km zone around the residence (sensitivity ¼ 87%). Another limitation relates to the timing of data collection about home pesticide use and organic diet during pregnancy. Because these data were collected in a questionnaire sent when the child was 2 years old, memory bias could have played a role. However, answers were consistent with the women's environment (presence of a garden, rural vs. urban municipality of residence, and apartment vs. house) for household insecticide use and with a national survey on organic consumption (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) for the nonorganic dietary variables (31). Because we observed slight deficits in birth weight and head circumference, parents were unlikely to have been influenced by these pregnancy outcomes when recalling household uses, which suggests a potentially nondifferential measurement error leading to some degree of attenuation. Excluding women with small-for-gestational-age babies did not modify the associations that we observed (Web Table 4 ). Assessment of dietary insecticide intake was based only on knowledge of the organic origin of the main food groups consumed and not on estimates of intake. Thus, interpretation of the latent variable representing dietary insecticide exposure requires caution. Finally, caution is required in interpreting our results about insecticide exposure. Although they were our focus, insecticides are not generally used alone. Herbicides, fungicides, or both were also applied to crop fields and garden plants.
Selection bias is a concern for the follow-up cohort when the children were 2 years old, especially for the 770 women for whom we did not have correct contact information because we had incomplete or no longer accurate addresses. Nonetheless, the inverse association between maternal insecticide exposure due to agricultural activities and head circumference at birth remained when we added these 770 women to our sample of 1,213 women.
In the present study, no association was observed between birth weight and maternal insecticide exposure from agricultural activities in the municipality of residence. This (16) found no difference in the risk of low birth weight between exposed and unexposed women. These studies considered all pesticides. The present study, which accounted for multiple sources of insecticide exposure, reinforces our earlier results (14) that showed that smaller head circumference at birth was associated with pea crops in the municipality. The potential toxicity of insecticides on brain development may explain our results (2-4). The effect of residential insecticide exposure on fetal growth has been investigated among urban minorities in New York City (11, 12, 21 ) (Web Table 1 ). No association was found between self-reported uses of pesticides at home or personal air insecticide levels and either weight or head circumference at birth. In these studies, most pest control use was targeted at insect control (32, 33) . Our study did not find an association between residential use of insect control and fetal growth. However, to our knowledge, it is the first to show that weight and head circumference at birth decreased as exposure due to household insecticide use on plants increased. Pyrethroids and organophosphates were the most frequent insecticides used at home: Pyrethroids were most often used for insect control, and organophosphates were used to treat plants against insects (25) . These novel results therefore require replication.
Bayesian modeling, previously used to analyze exposure pathways for arsenic and lead (34, 35) , can also be used to introduce multiple sources of exposure into an integrated model via latent variables and to investigate the joint effect of these exposure sources on health outcomes, rather than estimating the relation between one source of exposure and the health outcome in separate models, as is traditional in epidemiology. Thus, the model is able to assess the effect of one source of exposure while adjusting for the others. Our model did not include all possible sources of pesticide exposure, such as drinking water, which contributes to dietary exposure. However, nonpersistent insecticides were rarely detected in drinking water in France in 2001-2003 (36) . Thus, drinking water was unlikely to be an important source of dietary insecticide exposure compared with fruit, vegetables, and cereals.
Bayesian modeling has other advantages, including flexibility in the hypotheses of the distribution of observed variables and prediction of their missing values. Our model was able to predict missing values for nonorganic diets and household uses of pesticides. These accounted for less than 1% of dietary values and 1%-11% of those for household use.
In conclusion, the present study proposes a Bayesian model with latent variables to take into account various sources of insecticide exposure in examining its effects on fetal growth. This innovative model synthesizing indicators of exposure into interpretable factors driven by epidemiologic knowledge could be also useful for studying other exposures with multiple sources in epidemiology.
